Both occupational exposure to the leukemogen benzene and in vitro exposure to its metabolite hydroquinone (HQ) lead to the induction of numerical and structural chromosome changes. Several studies have shown that HQ can form DNA adducts, disrupt microtubule assembly and inhibit DNA topoisomerase II (topo II) activity. As these are potential mechanisms underlying endoreduplication (END), a phenomenon that involves DNA amplification without corresponding cell division, we hypothesized that HQ could cause END. We measured END in the human lymphoblastoid cell line, TK6, treated with HQ (0-20 mM) and etoposide (0-0.2 mM) for 48 h. Etoposide was used as a positive control as it is a topo II poison and established human leukemogen that has previously been shown to induce END in Chinese hamster ovary cells. Both HQ and etoposide significantly induced END in a dosedependent manner (P trend < 0.0001 and P trend 5 0.0003, respectively). Since END may underlie the acquisition of high chromosome numbers by tumour cells, it may play a role in inducing genomic instability and subsequent carcinogenesis from HQ and etoposide. In order to further explore the cytogenetic effects of HQ and etoposide, we also examined specific structural changes. HQ did not induce translocations of chromosome 11 [t(11;?)] but significantly induced translocations of chromosome 21 [t(21;?)] and structural chromosome aberrations (SCA) (P trend 5 0.0415 and P trend < 0.0001, respectively). Etoposide potently induced all these structural changes (P trend < 0.0001). The lack of an effect of HQ on t(11;?) and the reduced ability of HQ to induce t(21;?) and SCA, compared with etoposide, further suggests that HQ acts primarily as a topo II catalytic inhibitor rather than as a topo II poison in intact human cells.
Introduction
Benzene, an important industrial chemical and a universal environmental pollutant, is a known human carcinogen (1) . Chronic benzene exposure is an established cause of acute myeloid leukaemia (AML) (2, 3) and probably causes nonHodgkin lymphoma (NHL) (4, 5) . The carcinogenic effects of benzene are not induced directly but are thought to be mediated by a series of phenolic-and quinone-based metabolites, one of which is hydroquinone (HQ) (6) . Etoposide, a chemotherapeutic agent employed in the therapy of a wide spectrum of cancers, is also an established human carcinogen (7) , causing mainly AML (8) .
It is widely accepted that cytogenetic changes may play important roles in the carcinogenicity of benzene and etoposide. Therapy-related AML associated with previous exposure to etoposide is mainly characterized by chromosomal rearrangements involving the mixed lineage leukaemia (MLL) gene on chromosome band 11q23 (9, 10) . Most MLL rearrangements arise in a region rich in putative DNA topoisomerase II (topo II) cleavage recognition sequences (11) . Topo II is an essential nuclear enzyme that catalyzes changes in DNA topology via its cleavage-religation equilibrium (12) . Etoposide, a well-established topo II poison, disrupts this equilibrium, and MLL is particularly susceptible to aberrant cleavage and homologymediated fusion to repetitive elements located on novel chromosome partners (13) . As well as translocations of chromosome 11q23, translocations of chromosome 21q22 (10, 14) are also commonly observed in etoposide-associated therapy-related AML, and both types of translocation are thought to be causal in the pathogenesis of the disease (15) .
Benzene and its metabolites can induce chromosomal damage in vivo and in vitro. We previously reported that benzene causes chromosomal changes commonly associated with AML (16, 17) and with NHL (18) , including translocations and long-arm deletions, in the blood lymphocytes of exposed workers. We have also demonstrated the induction of non-random aneuploidy in benzene-exposed workers (19) . The benzene metabolite HQ has been shown to induce micronuclei in human lymphocytes (20, 21) and in a myeloid cell line HL60 (22) . We have also demonstrated that HQ can induce chromosomal changes commonly associated with AML (23) and non-random aneuploidy in human lymphocytes (24) . The mechanisms underlying the cytogenetic changes induced by benzene are not established but may include the formation of DNA adducts, disruption of microtubule assembly and inhibition of topo II activity, all of which have been shown to be induced by HQ (25) (26) (27) (28) (29) (30) (31) .
Endoreduplication (END) in eukaryotes is a process that involves DNA amplification without corresponding cell division. In END cell cycles, or endocyles, S phases alternate with distinct gap phases that lack DNA replication, but there is no cell division. Many endocycling cells go directly to the next G1/S phase lacking all vestiges of mitosis, but some retain hallmarks of mitosis (32) . The visible mitotic manifestation of the phenomenon of END is diplochromosomes, consisting of four chromatids held together lying side by side, instead of the normal two, as a result of the occurrence of two successive cycles of DNA replication without intervening mitosis, i.e. segregation of daughter chromatids (33) . Several mechanisms have been proposed for the induction of END, including DNA damage/modification, cytoskeleton disturbance and topo II inhibition (34) , which as discussed above, are potential mechanisms of action of HQ. Etoposide has been shown to induce END in Chinese hamster ovary cells (35 
Materials and methods
Cell culture, chemical treatment and cytotoxicity The human lymphoblastoid cell line, TK6, was maintained in RPMI 1640 medium (GIBCO, San Diego, CA) containing 10% foetal bovine serum (Omega Scientific, Tarzana, CA) and 1% penicillin and streptomycin (Omega Scientific) at 37°C in a 5% CO 2 moist atmosphere. HQ (!99%; Aldrich, Milwaukee, WI) was dissolved in sterile 1Â PBS immediately prior to treatment for all experiments. Dimethyl sulfoxide was used as the vehicle for etoposide (!98%, Sigma-Aldrich, St Louis, MO) and was present in cell cultures at a final concentration of 0.1%. TK6 cells were treated with 0, 5, 10, 15 or 20 lM HQ and 0, 0.05, 0.1 or 0.2 lM etoposide for 48 h. Cytotoxicity was measured by the trypan blue exclusion assay.
Metaphase preparation
In order to obtain a sufficient number of metaphase spreads, colcemid (0.1 lg/ml, Gibco BRL, Gaithersburg, MD) was added to each culture 2 h before harvesting. After hypotonic treatment (0.075 M KCl) for 30 min at 37°C, the cells were fixed three times with freshly prepared Carnoy's fixative (methanol:glacial acetic acid 5 3:1). The fixed cells were dropped onto glass slides, allowed to air dry and stored at À20°C under a nitrogen atmosphere until use.
END detection
The cells on the slides were stained with 4#,6-diamidino-2-phenylindole (DAPI) and metaphase spreads were scanned and localized automatically using Metafer software (MetaSystems, Altlussheim, Germany). Metaphases were scored at Â1000 magnification to detect END. Metaphase spreads were considered scorable if the cells appeared intact with the chromosomes well spread and condensed and the centromeres and chromatids readily visible. As shown in Figure 1 , diplochromosomes, made up of two parallel chromosomes with four chromatids held together lying side by side, are the visible mitotic manifestation of END.
Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was used to detect t(11;?) and t(21;?). Whole-chromosome painting probes for chromosome 11 (directly labelled with SpectrumGreen) (Vysis Inc., Downers Grove, IL) and for chromosome 21 (labelled with digoxigenin) (Oncor Inc., Gaithersburg, MD) were used. Metaphase spreads on each slide were scanned and localized automatically using Metafer software (MetaSystems) following DAPI staining. The FISH procedure was performed as previously described in detail (16) .
SCA detection
The cells on the slides were stained with DAPI and metaphase spreads were scanned and localized automatically using Metafer software (MetaSystems). Metaphases were scored at Â1000 magnification to detect SCA, which includes break, acentric fragment, triradial, quadriradial, complex exchange, dicentric chromosome, ring chromosome and marker chromosome according to An International System for Human Cytogenetic Nomenclature (36) .
Statistical analysis
For the rare events, END and t(21;?), data from multiple experiments were pooled. Fisher's exact test was applied to test the difference between each dose and control, and a chi-square trend test was used to calculate the P trend . For t(11;?) and SCA, Poisson regression was applied to test the difference between each dose and control and calculate the P trend . Table I shows the frequency of END in TK6 cells following treatment with HQ and etoposide in four independent experiments. Following HQ treatment, END events were detected at each dose and the END frequencies at 15 and 20 lM HQ were significantly higher than that of the control (P , 0.001 and P , 0.0001, respectively). The trend test showed that the END induction by HQ occurred in a dose-dependent manner (P trend , 0.0001). Similarly, etoposide treatment induced END at all doses and the END frequency at 0.2 lM etoposide was significantly higher than that of the vehicle control (P , 0.01). As with HQ, induction of END by etoposide occurred in a dose-dependent manner (P trend 5 0.0003).
Results

HQ and etoposide both significantly induced END
HQ did not induce t(11;?) but significantly induced t(21;?) and SCA Figure 2 shows the frequency of cells with t(11;?) (A), t(21;?) (B) and SCA (C) in TK6 cells following treatment with HQ. HQ did not induce t(11;?) at any dose examined compared with the control, and the dose-response was not significant (P trend 5 0.67). The frequency of cells with t(21;?) at 20 lM (1.20&) was 7-fold higher than that in the control (0.17&), though the difference was not significant due to the low frequency of events. However, a trend test indicated that HQ treatment significantly induced t(21;?) in a dose-dependent manner (P trend 5 0.0415). Following HQ treatment, the frequency of cells with SCA at 10, 15 and 20 lM HQ was significantly higher than that of the control (P , 0.05, P , 0.05 and P , 0.001, respectively). The trend test showed that SCA induced by HQ occurred in a dosedependent manner (P trend , 0.0001). Figure 3 shows the frequency of cells with t(11;?) (A), t(21;?) (B) and SCA (C) in TK6 cells following treatment with etoposide. The frequency of cells with t(11;?) was significantly higher at all doses relative to the control and the induction occurred in a dose-dependent manner (P trend , 0.0001). The frequency of cells with t(21;?) at 0.2 lM etoposide was significantly higher than that in the control (P , 0.01) and the induction was dose dependent (P trend , 0.0001). Following etoposide treatment, the frequency of cells with SCA was significantly higher at all doses relative to the control and increased in a dose-dependent manner (P trend , 0.0001). While HQ and etoposide both significantly induced SCA, etoposide was much more potent than HQ. For example, the percentage of cells with SCA after 0.1 lM etoposide treatment (69.7%) was 16-fold higher than after 10 lM HQ treatment (4.3%), even though the cell viability at 0.1 lM etoposide (85%) was similar to that at 10 lM HQ (81%).
Etoposide significantly induced t(11;?), t(21;?) and SCA
Discussion END, first defined by Levan and Hauschka (33) , has attracted the attention of investigators in cytogenetics and cell cycle biochemistry. It is a process that involves DNA amplification without corresponding cell division. Though it is a common event in plants (37) , spontaneous END is rarely observed in mammals, generally as a characteristic feature of specific tissues such as liver (38) , tonsils (39) and trophoblast giant cells of the placenta (40) . The presence of diplochromosomes, the visible mitotic manifestation of END, indicates incomplete cell division. It has been proposed that END may underlie the acquisition of high chromosome numbers by tumour cells (41) , pointing to a possible link between END and carcinogenesis.
In the present study, we found that both HQ and etoposide significantly induced END in human TK6 cells in a dosedependent manner. To our knowledge, this is the first report that the benzene metabolite, HQ, can induce END in any cell 0.0003 **, *** and **** represent P , 0.01, P , 0.001 and P , 0.0001 compared to control, respectively. P trend represents the P value of the trend test.
Hydroquinone and etoposide induce endoreduplication type. Etoposide was previously shown to induce END in Chinese hamster ovary cells (35) and is shown here to do so in human cells. The three major mechanisms proposed to underlie the induction of END including DNA damage/modification, cytoskeleton disturbance and topo II inhibition have been reviewed (34) . Topo II inhibition is one widely accepted pathway since both poisons and catalytic inhibitors of topo II have been consistently shown to induce END in Chinese hamster cells (35, (42) (43) (44) (45) (46) . Etoposide is an established topo II poison, so the inhibition of the enzyme may account for the induction of END in TK6 cells. HQ has been shown to form DNA adducts (25, 26) , disrupt microtubule assembly (27, 28) and inhibit topo II activity (29) (30) (31) . Any of these mechanisms may cause END induction by HQ in TK6 cells.
In the present study, HQ and etoposide differed in their ability to induce t(11;?) and t(21;?) and SCA in TK6 cells, in agreement with findings in the respective human studies. We found that HQ significantly induced t(21;?) but did not induce t(11;?) even at doses producing high cytotoxicity (data not shown). Similarly, in benzene-exposed workers, t(21;?) (16), but not t(11;?) (18) , was elevated by benzene exposure compared to controls. In the present study, etoposide significantly induced t(11;?) and t(21;?) in a dose-dependent manner, findings compatible with those reported in etoposidetreated patients (9, 10, 14) . HQ significantly induced SCA in a dose-dependent manner, a finding consistent with that in benzene-exposed workers (47) , though much less potently than etoposide. Although etoposide and HQ exhibited differences in the degree of induction of translocations and SCA, it should be noted that as all analyses were performed at 48 h, an underestimation of the frequency of SCA and a relative overrepresentation of the more stable translocations is possible.
The lack of an effect of HQ on t(11;?) and the reduced ability of HQ to induce t(21;?) and SCA, compared with etoposide, suggest that HQ acts mainly as a topo II catalytic inhibitor rather than as a poison in intact human cells. HQ can be further converted to p-benzoquinone (BQ) by myeloperoxidase (6) or by autooxidation in absence of the enzyme (48, 49) . It has been shown that bioactivation of HQ by peroxidase to BQ enhances topo II inhibition (31). Indeed, BQ was shown to be a more potent topo II inhibitor than HQ in a cell-free assay system (29, 50) . However, it has been unclear whether HQ/BQ acts as a poison or through catalytic inhibition of topo II (29, 50, 51) . Since TK6 cells are myeloperoxidase negative, the cytogenetic changes observed here are likely to be induced mainly by HQ. Further studies comparing the effects of HQ and etoposide in a cell line with myeloperoxidase activity or comparing BQ with etoposide could help to clarify the contribution of topo II inhibition in the mechanism of action of benzene and its metabolites.
The usefulness of TK6 cells to measure genotoxicity has been demonstrated by several groups who have successfully measured instability induced by exposures in these cells (52, 53) and found them to have a relatively stable karyotype (54) . However, others have found a high degree of genomic instability in TK6 cells (55) . While we observed a low background of chromosome aberrations in TK6 cells in the present study, suggesting a low rate of basal instability, the observed effects should be validated in other cell lines or human lymphocytes exposed to HQ and etoposide.
In conclusion, we report that both HQ and etoposide can induce END in human TK6 cells suggesting that END may play a role in inducing genomic instability and subsequent carcinogenesis from HQ and etoposide.
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